Cylindrical steel storage tanks are widely used for the storage of various liquids, industrial chemicals and firefighting waters. They have also been used for cooling purposes in nuclear power plants in recent years. Liquid-storage tanks have many different configurations; however, in this study, cylindrical ground-supported liquid steel tanks were preferred because of simplicity in their design and construction as well as their efficiency in resisting applied hydrostatic and hydrodynamic loads, when compared with other configurations. If liquid steel tanks are damaged in an earthquake, they can also cause great financial loss and environmental damage due to their hazardous chemical contents. These tanks may be exposed to several types of failures such as elephant-foot buckling, diamond-shape buckling, overturning and uplifting during earthquakes. The aim of this study is to compare the deformity states of cylindrical steel tanks with three different roof shapes. For this reason, dimensions of the cylindrical open-top, flatclosed and torispherical-closed top tanks were determined for 3D-finite element method (FEM) models in an ANSYS workbench software. This article focuses on the seismic-activity-resistant ground-supported cylindrical (vertical) steel liquid storage tanks. Seismic analyses were conducted under Kobe earthquake loads. The free vibration frequency values calculated using API 650 (American Petroleum Institutes) were verified with the FEM results. Directional deformation and buckling were presented for both impulsive and convective regions. According to API 650 standard, the tank shell thickness is 6 mm. Analyses were performed for tanks with 4 mm and 8 mm shell thickness. In this study, directional deformation and buckling were observed in models with shell thickness under the standard (4 mm) and above the standard (8 mm), unlike the earlier studies in the literature. It was also observed that increasing shell thickness above the specified code values the deformation in the flat-closed tank. In addition, torispherical dome-shaped tanks were observed to have smaller directional deformation and buckling in all cases considered.
INTRODUCTION
Cylindrical steel tanks are widely used for storing water and cooling in nuclear power plants. Due to their importance, they should not be damaged during earthquakes. The seismic behaviour of liquid storage *1 Sorumlu Yazar/Corresponding Author: acelik@adiyaman.edu.tr / Tel: +90 533 221 76 35 1 Adiyaman Üniversitesi, Besni Meslek Yüksekokulu, Besni, 02300, Adıyaman, acellik@adiyaman.edu.tr 2, KSÜ, Üniversitesi Mühendislik Fakültesi, İnşaat Mühendisliği, Onikişubat 46040, Kahramanmaraş, mmkose@ksu.edu.tr 3 Sakarya Uygulamalı Bilimler Üniversitesi, İnşaat Mühendisliği, Serdivan, 54050, Sakarya, tahirakgul@sakarya.edu.tr, aapay@sakarya.edu.tr tanks is very complicated due to the hydrodynamic pressures of the fluids in them. Several researches have been performed in the literature to determine the seismic performance of cylindrical liquid storage tanks, considering dynamic fluid-structure interaction (FSI) [1] [2] [3] [4] [5] [6] . When a tank containing liquid is subjected to earthquake movement, the liquid is subjected to horizontal acceleration. In turn, the tank walls will be exposed to hydrodynamic pressure. The liquid at the bottom of the tank also behaves like a mass that is rigidly attached to the tank wall. The fluid mass moving along the wall is called as the "impulsive mass". Impulsive hydrodynamic pressure acts on tank walls due to this impulsive liquid mass. The liquid mass in the upper part of the tank experiences a sloshing motion which is called as convective fluid. Thus, the hydrodynamic response of the took divided into impulsive and convective components to accurately investigate dynamic behaviour of tanks. The idea that the response of tank can be divided into a single impulsive and a number of convective modes was advocated to Housner [7] . Housner proposed two mass model for cylindrical tanks. Housner's two mass model has been commonly used by many international codes such as API650, IITK-GSDMA Guidelines for Seismic Design of Liquid Storage Tanks [8, 9] .
Field investigations have been performed by various researchers to determine the type of damage that occurred in liquid tanks in earthquakes and the factor causing these damages. In the field surveys has revealed that most liquid tanks are performing poorly under the influence of earthquakes and that it is necessary to develop new methods for increased earthquake resistance. According to the Praveen et al, when subjected to strong shaking, tanks respond in a non-linear fashion and experience some damage [10] . However, no generally acceptable methods do not require non-linear seismic analysis of tanks. Therefore, the damage sustained by tanks under ground motions of different intensities cannot be quantified easily [11] . Because of the simplicity in design and low cost, verythin-perimeter walls are commonly used in the construction of steel storage water tanks [1] . However, these thin-shelled cylindrical steel tanks subject to internal pressure from stored liquid besides lateral pressure that can arise from roof loads, horizontal loads such as earthquakes and frictional drag of stored materials on the walls [12] . There are two important factors that impact the steel tanks' deformation after earthquake: the dynamic characteristics of the earthquake and the structure itself. Steel storage tanks are affected by ground components that comprise two lateral components, and a vertical component, and three tensional components which are around the structures coordinate axes [13] . Steel storage tanks take several deformations under earthquake loads. Large axial compressive stresses due to beam-like bending of the tank wall can cause elephant-foot buckling of the wall. The roof of the tanks can also be damaged due to the sloshing liquid [14] .
There are various methods for seismic analysis of tanks such as API 650 formulation method, boundary conditions technique and finite element method [15] . API 650 guidelines for seismic design of tanks is developed mainly on Housner's work [8, 9] . Housner found out a useful tool called spring-mass model to analyze the on-ground supported tanks that are experiencing seismic loads by separating the system into two main components. The boundary condition method is a numerical technique used to solve various engineering, scientific and mathematical problems. This technique is generally used in the analysis of simpler structures. Naghdali et al [15] . have investigated several existing tanks using both API650 rules and FEM model based on ANSYS software. Their study demonstrated that, in some cases, there are some imperfections in the API 650 requirements that need further investigations.
Spritzer and Guzey [16] compared the design provisions in Appendix E of API 650 with other wellknown design documents throughout the world, including those used in New Zealand and Japan. In comparative study, damage and states such as hydrodynamic hoop stress, elevation and floor tensioning, freeboard stress and tipping are taken into account. Based on the results, that concluded that API 650 Annex E, compared to New Zealand and Japanese design documents, accounts for all major failure modes well enough [17] .
In recent years, the tendency towards finite element analysis (FEA) of steel storage tanks involving tank wall and foundation flexibility issues have been increasing. One of these studies was about the modeling of partially filled steel liquid tanks. Nicolici and Bilegan [18] focused on computational fluid dynamics (CFD) analysis to estimate the effect of sloshing wave amplitude, convective mode frequency and the pressure applied to the walls. As a result of the analysis, it was found that the fluid structure interaction affected the sloshing effect and the wall elasticity strengthened the impulsive pressure. investigate the effect of tank geometric aspect ratios on structural responses. The results obtained using the proposed simplified mechanical model showed that the method could determine the frequency of sloshing of liquid filled tanks with acceptable accuracy. It was also observed that there was a substantial reduction in the initial natural frequency of the tank.
In a study by Ormeno et al [20] , reconducted the seismic response of steel tanks, it was shown that displacement and tank shell acceleration on the upper side increased as the tank ran up, while axial pressure stress decreased from 35% to 64% with tank elevation.
The finite element method FEM has advantages during solving general problems with a complex structure shape. In this paper, such as, were first calculated using API 650 standard, the Kobe earthquake data being used for the non-linear analyses are conducted using kobe earthquake.
Since cylindrical steel water tanks are thin-walled structures, the wall thickness and the tank roof significantly affect the deformation and buckling pattern in the tanks. Depending on the earthquake ground motion, it is not always possible to reduce the deformations and prevent buckling in the tanks only by increasing the shell thickness. In addition, improper design of the tank roof can increase the risk of buckling in tanks with increased shell thickness. Figure 1 and 2 show roof buckling and shell buckling respectively. In order to prevent buckling in the cylindrical steel liquid tanks, it is necessary to examine the relationship between shell thickness and roof shape. [22] The aim of this study is to consider the effects of shell thickness on seismic behaviour of open-top, flat-closed and torispherical-closed cylindrical steel water tanks using finite element method. Most researchers have studied the effects of seismic loads on storage tanks using time histories or some have used discrete fluid elements. However, this study reveals effects to different shell thickness for the impulsive and convective modes on the different roof types of tanks. Moreover, the FEMs representing of nonlinear flexible tank walls shapes are presented. For this reason, analyses were carried out by reducing shell thickness to 2 mm and increasing to 2 mm from the code defined values in tank models with open-top, flat-closed and torispherical dome-shaped.
2.SEISMIC ANALYSES OF CYLINDRICAL STEEL TANKS
Cylindrical steel storage tanks subjected to earthquake loads has several critical failure modes that are not observed under service loads. These risks involve buckling of the elephant-foot buckling or diamondshape buckling, failure due to excessive hydrodynamic hoop stresses or convective forces. In the United States, these failure modes are generally explained using the design standard defined by the American Petroleum Institute (API650) [23] . This standard has been used worldwide for seismic-design of steel storage tanks. API 650 establishes minimum requirements for material, design, fabrication, erection and testing of vertical, cylindrical, above ground, open-top and closed-top tanks as well as steel storage tanks in various sizes and capacities provided that internal pressures do not exceed the weight of the roof plates. Higher internal pressure is permitted when additional requirements are met [24] . In this study, impulsive and convective components of the seismic load have been calculated via the API-650 as well as using finite element method. The geometrical and material properties of the model tanks are given in Table 1 . Housner's spring-mass model and the description of hydrodynamic pressure distribution on the tank wall are presented Figure 3 and 4 respectively. 
Impulsive Period
The impulsive mode refers to the lateral mode of the tank-liquid system. The lateral seismic forces applied to the tank depend on the period of this mode. Contrary to the assumption made by Housner that because the tank is solid, the impulsive mode period is zero; the current design codes require the calculation of the period of the impulsive mode using of impulsive mass and rigidity of the tank shell, even though they use Housner's method (API 650). The mass density of the tank wall is not included in the impulsive period expressions instead; the mass density of liquid is used because the mass of the wall is usually quite small compared to the liquid mass for steel tanks. The first impulsive mode period of a flexible anchored tank is usually smaller than 0.5 sec [26] .
Convective (Sloshing) Period
The period of the convective (sloshing) mode depends on the diameter of the tank and to a lesser extent on the depth of the liquid. The periods of convective mode are usual very long (up to 6-10 sec for large tanks) and are more influenced by the level of seismic ground displacements rather than ground accelerations. API 650 recommends the expression derived by Housner [7] . The convective mode is often referred to as the "sloshing" mode because of the liquid waves generated during earthquake movements. However, it is based on Jacobsen's work, in which impulsive fluid pressures applied to cylindrical tanks were considered as rigid base connection and non-deformed walls [27] .
Spectral Acceleration and Design Loads
The impulsive mass, convective mass, base-shear, overturning moment and free board of water that a cylindrical tank is subjected to during seismic loading are seen in Figure 5 . Figure 5 . Seismic diagram of tank [25] There are several analytical and theoretical methods for the seismic analysis of liquid cylindrical tanks. One of this method is the API 650 formulation method 
Convective spring stiffness equation
Location of convective the centroid of mass
Location of impulsive the centroid of mass The impulsive period equation
The convective period equation
Sloshing height equation d=0.84
The impulsive spectral acceleration parameter
Some seismic analysis results obtained for this study according to API 650 are presented in Table 2 . Table 2 . Results calculated for cylindrical model tank using API 650 formulation.
Title Value
The total volume of water (m 3 ) 1780.4
Total mass of water in the tank (Kg) 1780400
Ratio of radius to water height 0. 
Modal Analysis
The vibration characteristics (natural frequencies and mode shapes) of a structure or a machine component determine with modal analysis. It can be also served as a starting point for a more detailed dynamic analysis such as transient dynamic analysis, harmonic analysis or spectrum analysis. In the design of a structure, natural frequencies and mode shapes play an important role in dynamic loading conditions [25] .
Any non-linearity in material behaviour is disregard, because of the nature of the modal analysis. Orthotropic and temperature dependent material properties can be optionally used. Stiffness and mass are defined in some form by the critical requirement. The hardness can be determined by using isotropic and orthotropic elastic material models such as, elasticity module and poison's ratio, using hyperplastic material models (linearized to an equivalent combination of initial bulk and shear modules) or spring constants. The mass may be obtained from density of material or from distant masses [26] .
Three cylindrical steel tanks with different roofs, representative of three classes of tanks namely 'open top', 'flat tank' and 'torispherical tank' are considered for 3D-FEM analysis throughout this section. In this study, the effect of the soil-structure interaction is not included. Since only ground-supported tanks are considered, the ground under the tank is not included in the FEM model. The tank walls and base are considered to be of the same thickness. Dimensions of tanks and are shown below in Figure 6 . The convective mass is located at the position indicated by hc in the upper part of tank as shown in figure 9 , and represents the liquid mass causing the liquid face sloshing. The mass moved with the liquid mass and the tank was exposed to the sloshing the face of water. Distribution of convective mass and sloshing of water are shown in Figure 9 . The interaction between structure and liquid has vital importance. Great effort was made to accurately model the interaction between the shell and the liquid. The results of the modal analysis performed in the ANSYS workbench software using the finite element method were verified using API 650 formulation method. The first 6 convective modes are shown in Figure 10 . Modal analysis was repeated for flat-closed and torispherical-closed tanks. In addition, frequency modes were compared to determine the presence of a roof in impulsive and convective mass. These comparisons are shown with graphs in Figure 11 and Figure 12 . In Figure 11 , the flat-closed-top tank model in the impulsive model attracts attention with its low frequency values and low deformation values.
Torispherical-closed-top tank has maximum frequencies and deformation values. 
TIME-HISTORY ANALYSIS AND DIRECTIONAL DEFORMATION
Time-history analysis is used to determine the dynamic response of a structure to on arbitrary loading. Displacements, accelerations and speeds will depend on ground motion, if the load includes ground acceleration. This analysis is a step-by-step analysis of a dynamic response to a given load, which can vary with time. Any number of time-history analysis cases can be defined. The time history analysis results may differ according to the load applied and the type of analysis to be performed. In this study time-history analysis using the Kobe earthquake (The Great Hanshin earthquake-1995 with a magnitude scale of 7 in Japan) was performed. The time history response of the tanks are separated into impulsive and convective components in order to perform the time-varying response characteristics of the tank models.
Impulsive Directional Deformation Under Kobe Earthquake
The transient behaviour of the contained water for Kobe earthquake is shown in Figure 13 and the results are compared with that of impulsive directional deformation. The directional deformation occurs when the horizontal directional motion of the storage tank. These analyses were conducted using ANSYS transient structural tools. 
Convective Directional Deformation Under Kobe Earthquake
In this section, the seismic analysis was performed for all tanks in the convective period. In Figure 15 the convective maximum directional deformation is 0.001142 m for the flat tank model whereas convective maximum directional deformation is 0.000804439 m for the open-top model and remains 0.00047955 m for the torispherical tank.
In Figure 16 , open-top, flat and torispherical-closed-top models are compared. It is apparent that torispherial top model has lower deformation than open-top model. 
Buckling and Directional Deformation Analysis with Different Shell Thickness
The shell thickness of the model tanks should be 6 mm according to API 650 standard. In order to be able to see the buckling in the shell, analyses were repeated for 4 mm and for 8 mm shell thickness. These thickness measurements are 2 mm lower and 2 mm higher than that given in the standard. In Figure 17 (a), directional deformation is decreased with flat-closed and torispherical-closed tank, but Figure 17 (b) flat-closed tank has maximum deformation.
Figures 18 (a) and 18 (b) show deformation and buckling in the flat-closed tank roof. In Figure 18 (a), the reduction of the shell thickness to 4 mm caused the buckling of the roof to increase. In Figure 18 (b), it is observed that buckling was decreased with shell thickness was 8 mm, but the center of the pressure was changing and more deformation occurs because the roof is flat. Simulations and analyses were repeated within the convective region. Figure 20 (a and b) show the results of directional deformation for all tanks with 4 mm and 8 mm shell thickness. It appears that the flat-closed of the cylindrical steel tank roof, especially with increased shell thickness, does not provide an advantage here. In Figure 20 (b), it is observed that the directional deformation in the flat-closed tank is exerted by the effect of sloshing, while the deformation in the torispherical-closed tank is almost close to zero.
In Figure 21 (a), the buckling seems to be excessive in flat closed tank, while in Figure 21 (b) the buckling is reduced by a shell thickness of 8 mm. 
CONCLUSION
Many cylindrical steel tanks were damaged after earthquakes such as the 1940 El-Centro earthquake (or imperial valley earthquake) with a magnitude of 6.9 in Mexico USA, 1995 Kobe earthquake (or the Great Hanshin earthquake) with a magnitude of 7 in Japan and the 1999 İzmit earthquake (also known as the Kocaeli, Gölcük or Marmara earthquake), whose main shock had a moment magnitude of 7.6 (occurred on 17 August at 03:01:40 local time in north-western Turkey). Marina et al [28] This paper investigates effects of shell thickness under the Kobe earthquake of open-top, flat-closed and torispherical-closed cylindrical steel water tanks using finite element method. In order to obtain response parameters of interest as functions of time, the basic hydrodynamic equations (API 650) solutions are summarized.
Modal analysis was first performed. Impulsive and convective modal analysis results were obtained separately. The frequency values calculated using API 650 were verified with the FEM model results. Then, seismic analysis was performed with the FEM models to examine the time-dependent movements of the cylindrical steel water tank. Maximum directional deformations occurred in the flat-closed tank. The biggest buckling deformations occurred in flat-closed tank. One of the main reasons for this is that the center of pressure changes due to the flatness of the roof tank. The deformation calculation was performed via transient structural analysis which was not exceeding the limit of the tank, so that the tank can be safe under the analysis condition.
The most significant finding in this study is that if the top of the tank is in the shape of a torispherical dome, the deformation is majorly reduced. The flat-closed tank has a maximum directional deformation in both impulsive and convective modes. As a result, the flat-closed roof tank does not provide any advantage in directional deformation, if the tank is flat-closed, the deformations and buckling will be more likely to occur even if the shell thickness is increased. It can be concluded that the existing tanks may be prevented from being damaged by being closed in the shape of a torispherical dome so that they are not damaged by directional deformation during the earthquake.
